Twenty-six strains of acetic acid bacteria were isolated from fruits, flowers and related materials collected in Thailand. They were divided into three genera, Acetobacter, Gluconobacter and Asaia, by phenotypic characterization and 16S rRNA gene sequence analyses. On the basis of 16S-23S rRNA gene internal transcribed spacer (16S-23S rDNA ITS) restriction and 16S rRNA gene sequence analyses, fourteen isolates assigned to the genus Acetobacter were divided into five groups: 1) Group 1A or A. tropicalis (one isolate); 2) Group 2A or A. orientalis (four isolates); 3) Group 3A or A. pasteurianus (five isolates); 4) Group 4A or A. syzygii (one isolate); and 5) Group 5A or A. ghanensis (three isolates). The eleven isolates assigned to the genus Gluconobacter were divided into three groups: 6) Group 1B or G. frateurii (four isolates); 7) Group 2B or G. japonicus (six isolates); and 8) Group 3B or unidentified (one isolate). The remaining isolate was placed into: 9) Group 1C or unidentified, which was assigned to the genus Asaia and considered to constitute a new species on the basis of the 16S rRNA gene sequence analysis and DNA-DNA hybridization.
cerinus (9) isolated from fruits, flowers and other materials collected in Thailand have been found. In the course of isolating, identifying and classifying acetic acid bacteria in Thailand, we have continued the taxonomic study of Thai isolates based on 16S-23S rRNA gene internal transcribed spacer (16S-23S rDNA ITS) restriction and 16S rRNA gene sequence analyses as well as phenotypic characterization and DNA-DNA hybridization. This paper is concerned with the identification of novel isolates from fruits, flowers, and other materials.
Materials and Methods

Isolation of acetic acid bacteria and reference strains
Thirteen fruits, two other materials collected at markets and two kinds of flowers that fell from trees were cut into small pieces and enriched using a glucose/ethanol/yeast extract (GEY) medium. An isolation source was incubated at pH 4.5 and 30°C for 3-5 days in a liquid medium (15 mL tube −1 ) composed of 2.0% D-glucose, 5.0% ethanol and 1.0% yeast extract (all by w/v). When microbial growth was seen, the culture was streaked onto a GEY-agar plate containing 0.3% CaCO3 (w/v) (36) . Acetic acid bacteria were selected as acid-producing bacterial strains, which formed clear zones around colonies on the agar plate. T were used as reference strains.
Phenotypic characterization
Phenotypic characterization was carried out by incubating isolates at 30°C and pH 6.8 for two days on glucose/yeast extract/ peptone/glycerol (GYPG) agar, which was composed of 1.0% Dglucose, 1.0% glycerol, 0.5% yeast extract, 1.0% peptone, and 1.5% agar (all by w/v), unless otherwise mentioned. For the Gram staining of bacterial cells, the Hucker-Conn modified method was used (8) . Physiological and biochemical characterizations were made by the methods of Asai et al. (1) , Gosselé et al. (6) , and Yamada et al. (36) . Isolates were grown in GEY medium on a rotary shaker (150-200 rpm) at 30°C for 24 h.
Chemotaxonomic characterization
AAB were grown in GEY broth on a rotary shaker (150-200 rpm) at 30°C for 24 h. Ubiquinone was extracted from freeze-dried cells by shaking with a mixture of chloroform-methanol (2:1, v/v). Cells were removed by filtration, and the combined filtrates were evaporated dry under reduced pressure on a rotary evaporator. The resulting residue was dissolved in a small volume of acetone, and subjected to thin-layer chromatography on a silica gel plate (20×20 cm, silica gel 60F254, Art 5715, E. Merck, Darmstadt, Germany) with a solvent system of pure benzene (35) . The purified ubiquinone preparation was subjected to reversed-phase paper chromatography (35, 37) and to high performance liquid chromatography (29) .
16S rRNA gene sequence analyses
The 16S rRNA genes of strains were amplified by PCR with Taq DNA polymerase and primers; 20F (5'-GAGTTTGATCCTGGCT-CAG'-3, the Escherichia coli numbering system (2) and 1500R (5'-GTTACCTTGTTACGACTT'-3) and sequenced, as described previously (31, 40, 43) . The sequencing was carried out with an ABI PRISM BigDye Terminator v3.1 cycle sequencing kit on an ABI PRISM model 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The following six primers were used for 16S rRNA gene sequencing; 20F, 1500R, 520F (5'-CAGCAG-CCGCG-GTAATAC-3', positions 519-536), 520R (5'-GTATTACCG-CGGCTGCTG-3', positions 536-519), 920F (5'AAACTCAAAT-GAATTGACGG-3', positions 907-926), and 920R (5'-CCGT-CAATTCAT-TTGAGTTT-3', positions 926-907). Multiple alignments of the 16S rRNA gene sequences determined were performed with the program CLUSTAL X (version 1.83) (32) . Gaps and ambiguous bases were eliminated from the calculation. Distance Fig. 1 . A phylogenetic tree based on 16S rRNA gene sequences for Thai isolates assigned to the genus Acetobacter. The phylogenetic tree was constructed by the neighbor-joining method. Numerals (%) at nodes indicate bootstrap values derived from 1,000 replications. matrices for the aligned sequences were calculated by the twoparameter method of Kimura (14) . A phylogenetic tree based on 16S rRNA gene sequences was constructed by the neighbor-joining method of Saitou and Nei (26) with the program MEGA (version 4.0) (30) . The confidence values of individual branches in the phylogenetic tree were determined by using the bootstrap analysis of Felsenstein (5) based on 1,000 replications. Pair-wise 16S rRNA gene sequence similarities were calculated between phylogenetically related strains (1,381-1,476 bases of isolates GB23-1, KL13-3, LG5-1, SL22-1, PH108-1, GB222-1, GB132-1, RB88-1, and GB23-3, and 692-804 bases of the remaining isolates).
Restriction analysis of 16S-23S rDNA ITS
The purified PCR products were separately digested with restriction endonucleases; HpaII and HaeIII (New England BioLabs, Beverly, MA, USA) (15) in case of the Acetobacter strains, and MboII (Fermentas, Hanover, MD, USA), Bsp1286I (New England BioLabs), TaqI (Fermentas) and BstNI (Fermentas) (20, 41) in the case of Gluconobacter strains. The resulting reaction products were analyzed by 2.5% (w/v) agarose gel electrophoresis developed at 100 V for 40 min in 1× Tris-acetate running buffer.
DNA-DNA hybridization
Bacterial DNAs were prepared, as described previously (31) . DNA-DNA hybridization was carried out by the photobiotin-labeling method using microplate wells (4) . Levels of DNA-DNA hybridization were determined colorimetrically (34) . The color intensity was measured at A450 on a model VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Nucleotide sequence accession numbers
The 16S rRNA gene sequences for the twenty-six strains in this study have been deposited in DDBJ under the accession numbers AB470916 to AB470920, and AB489237 to AB489245 for Acetobacter strains; AB470467, AB470921, AB470922, and AB489246 to AB489253 for Gluconobacter strains; and AB469044 for the Asaia strain as indicated in the dendogram (Figs. 1 and 2 ).
Results and Discussion
The twenty-six Thai isolates were Gram-negative and aerobic rods, produced catalase but not oxidase, and showed clear zones on GEY/CaCO 3 agar plates and growth at pH 3.5. Fourteen of the isolates were assigned to the genus Acetobacter, since acetate and lactate were intensely oxidized to CO 2 and H 2 O, and Q-9 was recognized as a major quinone (39) ( Table 1) . Eleven isolates were assigned to the genus Gluconobacter, since acetate and lactate were not oxidized and Q-10 was recognized as a major quinone (39) . One isolate was assigned to the genus Asaia, since the isolate grew on 30% D-glucose, showed weak oxidation of acetate and lactate, and had Q-10 as a major quinine (39) . In addition, the 16S rRNA gene sequence analysis supported that they belong to the genera Acetobacter, Gluconobacter, and Asaia (Figs. 1 and 2).
Isolates assigned to the genus Acetobacter
The fourteen isolates that were assigned to the genus Acetobacter were divided into five groups, 1A, 2A, 3A, 4A, and 5A, by the 16S rRNA gene sequence analysis ( Fig. 1 ) and 16S-23S rDNA ITS restriction analysis with restriction endonucleases HpaII and HaeIII (Table 2 and Fig. 3 ).
In a phylogenetic tree based on 16S rRNA gene sequences (1,431 bp), the isolate GB23-1 (Group 1A) was located within the cluster of A. tropicalis ( Fig. 1 ) and showed 99.8% pair-wise 16S rRNA gene sequence similarity with the type strain of A. tropicalis. It also gave restriction patterns that coincided with those of the type strain (Table 2 and Fig. 3 ). It tested positive for catalase activity, the oxidation of ethanol to acetic acid, and the oxidation of acetate and lactate to carbon dioxide and water. D-Gluconate and 2-keto-D-gluconate were produced from D-glucose. The isolate tested negative for oxidase activity and ketogenesis from glycerol. It produced acids from L-arabinose, D-galactose, D-glucose, and Dmannose, and to less of an extent, from maltose, raffinose, and D-xylose, but not at all from D-arabinose, dulcitol, mesoerythritol, D-fructose, glycerol, lactose, D-mannitol, D-melibiose, L-rhamnose, L-sorbose, D-sorbitol, and sucrose. It did not grow on meso-erythritol, D-arabitol, L-arabitol or mesoribitol. It showed almost the same phenotypic characteristics as A. tropicalis NBRC 16470 T (Table 1) . Therefore, GB23-1 isolated from a flower of Spathodea campanulata was identified as A. tropicalis (16) .
Isolates of Group 2A included LP120-2, KL13-2, KL13-3, and MM129-2. In a phylogenetic tree based on 16S rRNA gene sequences (1,381 bp), all the isolates were located within the cluster of A. orientalis (Fig. 1) . Additionally, LP120-2, KL13-2, KL13-3, and MM129-2 had 99.8, 99.6, 99.9, and 99.5% pair-wise 16S rRNA gene sequence similarity with the type strain of A. orientalis, respectively. They also showed restriction patterns that coincided with those of the type strain of A. orientalis (Table 2 and Fig. 3 ). All the isolates of Group 2A produced 2-keto-D-gluconate from Dglucose. They produced acid from D-glucose, and in some cases, from mannose. Some isolates produced acids weakly from L-arabinose, raffinose, and xylose, but none produced
The isolates did not grow on meso-erythritol, D-arabitol, L-arabitol and meso-ribitol. They showed almost the same phenotypic characteristics as A. orientalis NBRC 16606
T (Table 1) . Therefore, the four isolates were identified as A. orientalis (17) . They were found in fruits of kaffir lime, in musk-melon and in loog-pang khaomak ( Table 2) .
Isolates of Group 3A included LG5-1, LG6-1, MG70-1, SL21-2, and BB90-1. In a phylogenetic tree based on 16S rRNA gene sequences (1,460 bp), all of the isolates of Group 1A were located within the cluster of A. pasteurianus (Fig.  1) . Additionally, LG5-1, LG6-1, MG70-1, SL21-2, and BB90-1 had 99.9% pair-wise 16S rRNA gene sequence similarity with the type strain of A. pasteurianus. They showed restriction patterns that coincided with those of A. pasteurianus TISTR 1056
T , when digested with HpaII and HaeIII ( Table 2 and Fig. 3 ). They did not produce 2-keto-Dgluconate from D-glucose. All grew at 40°C. Acid was produced from L-arabinose, meso-erythritol, D-fructose, D-galactose, D-glucose, D-mannose, D-melibiose, and D-xylose, and weakly from D-arabinose, glycerol, D-sorbitol, and sucrose. Some produced acid weakly from dulcitol and raffinose but none produced acid from lactose, maltose, D-mannitol, Lrhamnose, or L-sorbose. They grew on meso-erythritol, but not on D-arabitol, L-arabitol and meso-ribitol. They showed almost the same phenotypic characteristics as A. pasteurianus TISTR 1056 T ( Table 1 ). The five isolates were therefore identified as A. pasteurianus (15) . The isolates were found in fruits of longan fruit, mango, sapodilla and banana (Table 2) .
Group 4A contained only one isolate SL22-1. In a phylogenetic tree based on 16S rRNA gene sequences (1,412 bp), the isolate was located within the cluster of A. syzygii (Fig. 1) and showed 99.9% pair-wise 16S rRNA gene sequence simi- 
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Sugar apple 2 Bangkok Gf, Gt, Gj Gf, Gt, Gj Gf, Gt, Gc, Ga, Gk Gf, Gt F143- larity to the type strain of A. syzygii. It had restriction patterns that coincided with those of A. syzygii NBRC 16604 T (Table 2 and Fig. 3 ). All grew at 40°C. The isolate produced acids from D-glucose and maltose but not from L-arabinose, D-arabinose, dulcitol, meso-erythritol, D-fructose, D-galactose, glycerol, lactose, maltose, D-mannitol, D-melibiose, Lrhamnose, raffinose, L-sorbose, D-sorbitol, sucrose, and Dxylose. It grew weakly on meso-erythritol, but did not grow on D-arabitol, L-arabitol or meso-ribitol. It showed the same phenotypic characteristics as A. syzygii NBRC 16604
T (Table  1) . Therefore, the isolate from sapodilla was identified as A. syzygii (17) .
Isolates of Group 5A included TM7-1, TM7-3, and PH108-1. In a phylogenetic tree based on 16S rRNA gene sequences (1,442 bp), all the isolates were located within the cluster of A. ghanensis (Fig. 1) . Additionally, TM7-1, TM7-3, and PH108-1 had 99.9% pair-wise 16S rRNA gene sequence similarity with the type strain of A. ghanensis. They showed restriction patterns that coincided with those of A. ghanensis LMG 23848
T (Table 2 and Fig. 3 ). The isolates produced acid from D-glucose and to a lesser extent, from D-arabinose and D-sorbitol. Some produced acids from L-arabinose, Dfructose, D-mannose, D-melibiose and D-xylose but none did so from meso-erythritol, dulcitol, D-galactose, glycerol, lactose, maltose, D-mannitol, L-rhamnose, raffinose (one weakly), L-sorbose, or sucrose. They did not grow on meso-erythritol, D-arabitol, L-arabitol and meso-ribitol (one weakly). They showed almost the same phenotypic characteristics as A. ghanensis LMG 23848 T ( Table 1 ). The three isolates were therefore identified as A. ghanensis (3). They were found in fruits of peach and tomato (Table 2) .
Isolates assigned to the genus Gluconobacter
The eleven isolates that were assigned to the genus Gluconobacter were divided into three groups, 1B, 2B, and 3B, by the 16S rRNA gene sequence analysis (Fig. 2) and 16S-23S rDNA ITS restriction analysis with the endonucleases MboII, Bsp1286I, TaqI, and BstNI (Table 2 and Fig. 4) .
Group 1B was composed of four isolates, GB222-1, GB223-3, AP59-1, and AP59-2. In a phylogenetic tree based on 16S rRNA gene sequences (1,476 bp) , all the isolates were located within the cluster of G. frateurii (Fig. 2) . GB222-1, GB223-3, AP59-1, and AP59-2 had 99.7, 99.9, 99.9, and 99.9% pair-wise 16S rRNA gene sequence similarity with the type strain of G. frateurii, respectively. All the isolates gave the same restriction patterns as the type strain of G. frateurii (Table 2 and Fig. 4) (20-22, 24, 31, 41) . The isolates produced dihydroxyacetone from glycerol and grew at 30°C. Some did not grow at 37°C. The isolates showed growth on D-arabitol, L-arabitol and meso-ribitol (weakly) but not on meso-erythritol, being different from strains of G. oxydans and G. cerinus (31) . They showed almost the same phenotypic characteristics as G. frateurii NBRC 3264 T ( Table 1 ). The five isolates of Group 1B were therefore identified as G. frateurii (20-22, 24, 31, 41) . They were found in fruits of guava, apple and sugar apple. T ; 8, GB222-1 (Group 1B); 9, GB132-1 (Group 2B); 10, RB88-1 (Group 3B).
Group 2B was composed of six isolates, GB132-1, F143-1, GB125, GB126, GB127, and GB223-2. In a phylogenetic tree based on 16S rRNA gene sequences (1,409 bp), the isolates were located within the cluster of G. japonicus (Fig. 2) . GB132-1, F143-1, GB125, GB126, GB223-2, and GB127 had 99.9, 99.8, 99.8, 99.9, 99.7, and 99.8% pair-wise 16S rRNA gene sequence similarity with the type strain of G. japonicus respectively. All the isolates gave the same restriction patterns as the type strain of G. japonicus (Table 2 and Fig. 4) (20, 24, 31, 41) . The isolates produced dihydroxyacetone weakly from glycerol. They produced acids from D-glucose and meso-erythritol (weakly), and in some cases, from L-arabinose, D-galactose, glycerol, D-mannose, D-melibiose, sucrose, and D-xylose. Some isolates produced acids weakly from D-arabinose, dulcitol, D-fructose, lactose, and D-mannitol, but none produced acids from maltose, raffinose, L-rhamnose, L-sorbose, or D-sorbitol. They grew on mesoerythritol, D-arabitol, L-arabitol (weakly), and meso-ribitol. The isolates of Group 2B had a different type of restriction pattern, designated the d type, from the type strains of G. frateurii and G. thailandicus, all of which gave c type patterns in a 16S-23S rDNA ITS restriction analysis with the endonuclease TaqI. All the isolates were distinguished from G. frateurii by the ability to grow on meso-erythritol and produce acid (weakly) from raffinose. They showed almost the same phenotypic characteristics as G. japonicus NBRC 3271 T (Table 1 ) and were identified as G. japonicus (20, 24, 31, 41) . The isolates were found in fruits of manila tamarind, plum mango, and sugar apple and in the flower of Canna indica.
Group 3B was composed of one isolate, RB88-1. The calculated pair-wise 16S rRNA gene sequence similarity of RB88-1 for 1,410 bases was 98.3, 98.2, 98.6, 98.6, 97, 97, 97.2, 97.2, and 97.2%, respectively, compared to the type strains of G. thailandicus, G. cerinus, G. japonicus, G. frateurii, G. oxydans, G. roseus, G. albidus, G. kondonii, and G. sphaericus (Fig. 2) . The isolate was distinguished from the type strains of G. oxydans, G. cerinus, G. albidus, G. frateurii, G. japonicus, G. thailandicus, and G. kondonii by digestion with MboII, Bsp1286I, TaqI and BstNI (Table 2 and T and G. japonicus NBRC 3271 T in its ability to grow and produce acid on mesoerythritol (Table 1 ). In addition, RB88-1 showed low DNA-DNA relatedness (6.2-17.7%) with the type strains of Gluconobacter (Table 3) . From the data obtained, the isolate was considered to be a novel species of the genus Gluconobacter (20) (21) (22) 24) . It was found in the fruit of rambutan.
Isolate assigned to the genus Asaia Group 1C was composed of only one isolate, GB23-3, which was distinguished phylogenetically from the type strains of the four Asaia species on the basis of the 16S rRNA gene sequence analysis (1,414 bp) (Fig. 2) . The isolate was located in the cluster of the genus Asaia and had 99. It grew on meso-ribitol but grew weakly on meso-erythritol, D-arabitol, and L-arabitol. This strain could be differentiated from related Asaia species by the acid it produced from ethanol and maltose (Table 1 ). In addition, GB23-3 showed low DNA-DNA relatedness (35.0-58.7%) with the type strains of Asaia (Table 4) . From the data obtained, the isolate was considered to constitute a novel species in the genus Asaia (11, 23, (38) (39) (40) .
Seearunruangchai et al. (27) isolated forty acetic acid bacteria from fruits in Thailand. Thirty-one of the isolates, some 77% of the total were identified as A. pasteurianus. Three isolates (only 8%) were identified as A. orientalis, and the remaining six isolates (15%) from sugar cane, palm and coconut juice were identified as Gluconacetobacter liquefaciens.
Kommanee et al. (15) isolated ninety Acetobacter strains from fruits, flowers and other materials collected in Thailand. The isolates were divided into three groups, Group A containing fifty-three isolates identified as A. pasteurianus, Group B containing forty-two isolates identified as A. orientalis, and Group C containing two isolates identified as A. lovaniensis. The present study demonstrated similar results, with the Thai isolates mostly identified as two species, A. pasteurianus and A. orientalis, along with a very small number identified as A. lovaniensis.
Huong et al. (9) examined forty-four Thai isolates assigned to the genus Gluconobacter and classified them into seven groups. However, no isolate was identified as G. cerinus. The present study gave the same results.
Four species, viz., Asaia bogorensis, Asaia siamensis, Asaia krungthepensis, and Asaia lannaensis are presently described in the genus Asaia (11, 23, (38) (39) (40) . GB23-3 assigned to the genus Asaia was characterized by the production of acetic acid from ethanol, as found in the type strain of Asaia lannaensis but not in the type strains of Asaia bogorensis, Asaia siamensis and Asaia krungthepensis. The present study demonstrated that the Thai isolate constitutes a new species.
From the results obtained above, the Thai isolates of acetic acid bacteria assigned to the genera Acetobacter, Gluconobacter and Asaia were not successfully identified at the species level by the phenotypic characterization but the 16S rRNA gene sequence and 16S-23S rDNA ITS restriction analyses using HpaII, HaeIII, MboII, Bsp1286I, TaqI and BstNI were useful. In addition, the DNA-DNA relatedness data made clear the taxonomic position of novel species. However, use of the 16S-23S rDNA ITS restriction analysis in the differentiation of Asaia species should be studied further.
In comparison with Indonesian isolates (16, 17) and African isolates (3), the Thai isolates of Acetobater species were similar in phenotypic features but somewhat different in isolation sources. For example, the Thai isolates of A. tropicalis and A orientalis were obtained respectively from a flower of Spathodea campanulata and fruits of kaffir lime, muskmelon and loog-pang khaomak (sweeted rice starter), however, the type strains of the species were from coconut and a canna flower in Indonesian sources (16, 17) . In A. ghanensis, the Thai isolates were from tomato and peach in contrast to traditional heap fermentations of Ghanaian cocoa beans (3) . It is of interest that G. japonicus, which was recently described for Japanese strains (24) was found in Thai isolates but not in Indonesian isolates (37) . In the present study, possible new species of Gluconobacter from the fruit of rambutan and Asaia from the flower of Spathodea campanulata were recognized.
